The activity of the small GTPase, Rac1, plays a role in various cellular processes including cytoskeletal rearrangement, gene transcription, and malignant transformation. In this report constitutively active Rac1 (Rac V12) is shown to stimulate the activation of STAT3, a member of the family of signal transducers and activators of transcription (STATs). The activity of Rac1 leads to STAT3 translocation to the nucleus coincident with STAT3-dependent gene expression. The expression of Vav (⌬1-187), a constitutively active guanine nucleotide exchange factor for the Rho GTPases, or activated forms of Ras or Rho family members, leads to STAT3-specific activation. The activation of STAT3 requires tyrosine phosphorylation at residue 705, but is not dependent on phosphorylation of Ser-727. Our studies indicate that Rac1 induces STAT3 activation through an indirect mechanism that involves the autocrine production and action of IL-6, a known mediator of STAT3 response. Rac V12 expression results in the induction of the IL-6 and IL-6 receptor genes and neutralizing antibodies directed against the IL-6 receptor block Rac1-induced STAT3 activation. Furthermore, inhibition of the nuclear factor-B activation or disruption of IL-6-mediated signaling through the expression of IB␣ S32AS36A and suppressor of cytokine signaling 3 , respectively, blocks Rac1-induced STAT3 activation. These findings elucidate a mechanism dependent on the induction of an autocrine IL-6 activation loop through which Rac1 mediates STAT3 activation establishing a link between oncogenic GTPase activity and Janus kinase͞STAT signaling.
The activity of the small GTPase, Rac1, plays a role in various cellular processes including cytoskeletal rearrangement, gene transcription, and malignant transformation. In this report constitutively active Rac1 (Rac V12) is shown to stimulate the activation of STAT3, a member of the family of signal transducers and activators of transcription (STATs). The activity of Rac1 leads to STAT3 translocation to the nucleus coincident with STAT3-dependent gene expression. The expression of Vav (⌬1-187), a constitutively active guanine nucleotide exchange factor for the Rho GTPases, or activated forms of Ras or Rho family members, leads to STAT3-specific activation. The activation of STAT3 requires tyrosine phosphorylation at residue 705, but is not dependent on phosphorylation of Ser-727. Our studies indicate that Rac1 induces STAT3 activation through an indirect mechanism that involves the autocrine production and action of IL-6, a known mediator of STAT3 response. Rac V12 expression results in the induction of the IL-6 and IL-6 receptor genes and neutralizing antibodies directed against the IL-6 receptor block Rac1-induced STAT3 activation. Furthermore, inhibition of the nuclear factor-B activation or disruption of IL-6-mediated signaling through the expression of IB␣ S32AS36A and suppressor of cytokine signaling 3 , respectively, blocks Rac1-induced STAT3 activation. These findings elucidate a mechanism dependent on the induction of an autocrine IL-6 activation loop through which Rac1 mediates STAT3 activation establishing a link between oncogenic GTPase activity and Janus kinase͞STAT signaling.
C ells respond to a diverse array of extracellular stimuli that direct proliferation, growth arrest, differentiation, or apoptosis. Many cytokines elicit biological effects with the activation of a specific family of transcription factors known as signal transducers and activators of transcription (STATs; ref. 1) . STATs reside latent in the cytoplasm and are activated after tyrosine phosphorylation by Janus kinases (JAKs) associated with cytokine receptors (2) (3) (4) (5) . Subsequent to tyrosine phosphorylation, STATs form dimers and translocate to the nucleus where they bind specific DNA targets and induce the transcription of responsive genes. Some members of the STAT family play a role in cellular proliferation. Moreover, accumulating evidence suggests that abnormal STAT regulation may be involved in oncogenic transformation. STAT3 has been identified as a potential oncogene, because a gain-of-function mutation renders cells transformed and tumorigenic (6) . Additionally, constitutive activation of STAT3 has been reported in several human tumor cells and in cells transformed by various oncoproteins (7) (8) (9) . Hence, identifying mediators of STAT3 activation may enhance our understanding of malignant transformation events.
Recent studies have suggested a link between STAT3 activity and small GTPases (10) (11) (12) (13) . Small GTPases comprise a family of more than 100 monomeric G proteins that function as molecular switches in cellular signaling (14) . Small GTPases cycle between an active, GTP-bound, and an inactive, GDPbound, state and are structurally classified into five subfamilies: Ras, Rho, Rab, Arf, and Ran. Members of the Rab, Arf, and Ran subfamilies function primarily in vesicular and nuclear͞ cytoplasmic trafficking and spindle microtubule assembly events, whereas Ras and Rho family members play key roles in gene induction and cytoskeletal rearrangement. Mutations of the Ras protooncogene that render a constitutively active oncogenic form are commonly identified in many types of tumors (15) . Rac1 and Cdc42, Rho family members, have been shown to be involved in Ras-induced cellular transformation (16) (17) (18) (19) . Small GTPases are usually regulated by specific guanine nucleotide exchange factors (GEFs) that stimulate the exchange of GTP for GDP. Gain-of-function mutations in Vav (a Rho family GEF) also result in oncogenesis (20) . Although the signaling pathways used by the small GTPases to elicit cellular transformation seem to involve the activation of a variety of kinases, reactive oxygen intermediates, and transcription factors, the mechanisms of malignant transformation are still not completely understood. In this report we present evidence that the JAK͞STAT3 pathway is an indirect target of Ras and Rho GTPases. Persistent Rac1 activity leads to the autocrine production and signal transduction of IL-6. IL-6, a pleiotropic cytokine functioning in immune and inflammatory responses, is a known activator of STAT3 (21, 22) . We show constitutively active Rac1 results in the induction of this cytokine and its receptor. Blocking the IL-6 signaling pathway inhibits Rac1-mediated STAT3-dependent gene expression. These findings identify an indirect link between two diverse signal transduction pathways as a result of oncogenic mutations.
Materials and Methods
Cells and Reagents. Rat1, HeLa (ATCC, CL2), and HT1080 cells (ATCC) were grown in DMEM with 8% (vol͞vol) FBS. Recombinant human and rat IL-6 and neutralizing anti-human IL-6 receptor antibodies were obtained from BioSource International (Camarillo, CA). Soluble human IL-6 receptor peptide was obtained from R & D Systems and was used in conjunction with exogenous IL-6 to improve the IL-6 responsiveness of HeLa cells.
Plasmids. Plasmids encoding constitutively active QL forms of Rac1, RhoG, Cdc42, and RhoA (23) , and Rac V12, Rac V12H40, Rac V12L37, Rac N17 (17) were used. Plasmids encoding IB␣ S32AS36A and SOCS3 have been described (24, 25) . Sitedirected mutagenesis with the Quick Change Site-Directed Mutagenesis kit (Stratagene) was performed to create the STAT3 mutants: STAT3 Y705F and STAT3 S727A. The STAT3 fusion protein with the green f luorescent protein tag (STAT3-GFP), contains the full-length cDNA of STAT3 with an inserted Kozak sequence and was generated by a PCR with Pfu polymerase (Stratagene) and subcloned into pEGFP-N1 (CLONTECH).
Transient Transfection Assays. Cells were seeded (2 ϫ 10 5 cells per well) in six-well plates and were transfected the next day by calcium phosphate-DNA precipitates (26) . Experiments were performed with a total of 24 g of DNA divided among three wells to serve as triplicate samples. Cells were cotransfected with Abbreviations: STAT, signal transducer and activator of transcription; JAK, Janus kinase; GEF, guanine nucleotide exchange factor; SOCS, suppressor of cytokine signaling; GFP, green fluorescent protein; SV40, simian virus 40; JNK, c-Jun terminal kinase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ␤-gal, ␤-galactosidase. § To whom reprint requests should be addressed. E-mail: nreich@notes.cc.sunysb.edu.
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luciferase reporter gene constructs (4 g) regulated either by three copies of the STAT DNA-binding sequence from the IRF-1 promoter upstream of the minimal thymidine kinase promoter [(GAS) 3 -Luc] (27) or by five copies of the NF-B DNA binding site [(NF-B) 5 -Luc] (Stratagene). Cells were cotransfected with 5-7 g of wild-type or mutant forms of STATs, Vav, Rho family GTPases, or pcDNA3 control vector. Data were normalized to the activity of a cotransfected simian virus 40 (SV40)-driven LacZ reporter gene (SV40-LacZ). Cell lysates were prepared for luciferase and ␤-galactosidase (␤-gal) activity assays per the manufacturer's instructions 24-48 h after transfection (Promega).
Fluorescent Microscopy. Cells seeded on glass coverslips were transfected with the STAT3-GFP fusion construct and evaluated 18-24 h after transfection. Cells were fixed with 4% (vol͞vol) paraformaldehyde and visualized with a Zeiss Axioskop equipped for epifluorescence with a GFP filter set (Chroma Technology, Brattleboro, VT). Images were captured with a Diagnostic Instruments Spot 2 camera.
Reverse Transcription-PCR. Total RNA was prepared by using Trizol (GIBCO͞BRL). First-strand cDNA synthesis was performed with reverse transcriptase, 1 g of total RNA, and oligo(dT) primers by using the Advantage RT-for PCR kit (CLONTECH). The cDNA was amplified by PCR with human IL-6, IL-6 receptor, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primer pairs (BioSource International, Camarillo, CA). The IL-6 primer pairs used were 5Ј-TTCAATGAG-GAGACTTGCCTG-3Ј and 5Ј-ACAACAACAATCTGAGGT-GCC-3Ј. The IL-6 receptor primer pairs used were 5Ј-GTGA-GGAAGTTTCAGAACAGTCCG-3Ј and 5Ј-TGGGAGGCTT-GTCGCATTTG-3Ј. The thermocycling parameters began with 94°C for 1 min 30 sec followed by 28-30 cycles of: 94°C 30 sec, 54°C 45 sec, 72°C 45 sec, followed by 7 min at 72°C. PCR products were separated on 2% agarose gels.
Results

Activation of STAT3-Dependent Gene Expression by Small GTPases.
To examine whether the activity of small GTPases could lead to STAT3 activation, STAT3-dependent gene expression was analyzed. Cells were cotransfected with a STAT-responsive luciferase reporter gene, a LacZ transfection control gene, STAT3, and activated forms of the small GTPases H-Ras V12 or K-Ras V12 (28) . The constitutive activity of both Ras proteins resulted in STAT3-dependent gene induction (Fig. 1A) . Because Ras regulates several downstream signaling molecules including the small GTPase Rac1 and the protein kinase Raf1, we tested the ability of these proteins to elicit STAT3-dependent promoter activity. The activated form of Raf1 (Raf CAAX) (29) had no effect on STAT-3 activation; however, the expression of the activated form of Rac1 (Rac V12) (17) resulted in a 10-fold increase in transcriptional activation of STAT3 (Fig. 1B) . Because expression of the STAT-responsive reporter gene can be induced by any of the activated mammalian STAT proteins, we tested whether the effect of Rac V12 on transcriptional activation was specific to STAT3 in fibroblasts. When STAT family members STAT1, STAT2, STAT3, STAT5, or STAT6 were cotransfected with Rac V12, the STAT-driven gene induction in response to Rac V12 expression was specific for STAT3 (Fig. 2A) .
G proteins are usually regulated by GEFs which stimulate the exchange of GDP for GTP and thereby lead to the activation of the GTPase. Vav is an exchange factor that acts catalytically to stimulate several Rho family GTPases, including Rac1 (30) . Because Rac V12 activates STAT3-dependent gene expression, a constitutively active form of Vav (⌬1-187) was expected to have a similar effect on transcriptional activation. This expectation was in fact the case, because coexpression of the oncogenic form of Vav (⌬1-187) with STAT3 led to more than a 10-fold induction of the responsive gene (Fig. 2 A) . Similarly, the constitutive activity of Vav-2 (31), a ubiquitously expressed Rho family GEF, resulted in STAT3-dependent gene expression (data not shown).
Because Vav can act as an exchange factor for several Rho family GTPases, we tested the ability of other Rho proteins to stimulate STAT3 activation. Constitutively active forms of Rac1, RhoG, Cdc42, and RhoA (23) were found to induce transcriptional activation of STAT3 (Fig. 2B) . These results suggest that STAT3-specific gene induction may result from common signaling pathways used by various Rho family members.
Mutations That Affect Activity. STAT transcription factors reside in a latent state in the cytoplasm of the cell and are activated by tyrosine phosphorylation. After activation the STATs dimerize and translocate to the nucleus to bind specific DNA response elements. The critical tyrosine residue for STAT3 phosphorylation is Y705 (32) . It has recently been suggested that phosphorylation of Ser-727 may contribute to the maximal transcriptional potential of STAT3 (33, 34) . By expressing the STAT3 mutants STAT3 Y705F or STAT3 S727A with Rac V12, we found tyrosine 705 to be critical for STAT3 activation in response to Rac V12 expression but not Ser-727 (Fig. 3A) . Consistent with these findings, STAT3␤, an alternate spliced form of STAT3 that lacks Ser-727 (35) , was as transcriptionally active as STAT3 in the presence of Rac V12 expression (data not shown). The STAT3 S727A mutant was also equivalent in its response to IL-6 treatment as wild-type STAT3 in our system (data not shown).
Several downstream effector molecules have been identified for Rac1, and specific targeted mutations have been characterized that inhibit interaction with these effectors. Rac1 mutants deficient in effector binding were evaluated to gain insight into downstream pathways necessary for Rac1-mediated STAT3 activation (17) . The point mutant Rac V12H40 is unable to mediate the activation of c-Jun N-terminal kinase (JNK), whereas the Rac V12L37 mutant maintains the ability to activate JNK but is deficient in induction of actin polymerization (17) . Assays in which both of these mutations of Rac1 were tested indicated that Rac V12H40 expression mediated STAT3 activation, whereas Rac V12L37 did not (Fig. 3B) . The expression of these Rac1 mutants was confirmed by Western blot analysis (data not shown).
Evidence That Rac1 Induces STAT3 Activation by Autocrine IL-6 Signaling. IL-6 is known to stimulate the JAK͞STAT3 pathway, and a recent study of mast cells described the induction of various cytokines in response to oncogenic Vav expression (36) . To test the possibility that Vav-induced activation of Rac1 in fibroblasts could lead to the production and subsequent autocrine action of IL-6, we investigated whether Rac V12 expression would induce the IL-6 gene. Total RNA isolated from untransfected cells, control-transfected cells (pCDNA3), and Rac V12-transfected cells was used to generate cDNA. We evaluated IL-6 mRNA levels in response to Rac1 activity by PCR analysis by using specific primers corresponding to the IL-6 gene or to a control gene, GAPDH. Although low levels of IL-6 mRNA were detected in untransfected and control-transfected cells, Rac V12 expression led to a notable increase in IL-6 mRNA (Fig. 4A Left) . Moreover, we investigated whether the IL-6 receptor gene was regulated by Rac V12 expression and found an apparent induction of IL-6 receptor mRNA (Fig. 4A Right) . These results suggested that the activity of Rac1 can induce the IL-6 gene along with its cognate receptor and consequently elicit an autocrine IL-6 activation loop for STAT3. Because STAT proteins reside in the cytoplasm of the cell in a latent state and accumulate in the nucleus after tyrosine phosphorylation and activation, we visually inspected the cellular localization of a fusion protein of STAT3 with GFP (STAT3-GFP). IL-6 treatment stimulated the nuclear accumulation of STAT3-GFP, and this localization was inhibited by addition of neutralizing antibodies to the IL-6 receptor (Fig. 4B) . When cells were cotransfected with STAT3-GFP and Rac V12, STAT3-GFP accumulated in the nucleus similar to the response to IL-6. To test whether STAT3-GFP responded to autocrine IL-6 induced by Rac V12, neutralizing IL-6 receptor antibodies were added to the media. The neutralizing IL-6 receptor antibodies effectively blocked the nuclear accumulation of STAT3 in response to Rac V12 expression (Fig. 4B ), whereas control antibodies had no effect (data not shown). Together these results provide strong evidence that autocrine-acting IL-6 is produced and required for Rac1-mediated stimulation of the JAK͞STAT3 pathway. We have also investigated whether the other Rho family members mediate STAT3 activation in an IL-6-dependent pathway. The expression of constitutively active RhoG, Cdc42, and RhoA caused the translocation from the cytoplasm to the nucleus of cotransfected STAT3-GFP. This GTPase-induced STAT3 translocation was blocked to varying degrees by neutralizing IL-6 receptor antibodies, supporting a role for autocrine IL-6 in Rho family-induced STAT3 activation (data not shown).
To verify that the effects of Rac V12 on STAT3 response gene expression are mediated by autocrine IL-6 activity, neutralizing IL-6 receptor antibodies were added to cotransfection assays. The STAT-responsive luciferase reporter gene, STAT3, and Rac V12 were cotransfected, and the transcriptional activation of STAT3 in response to Rac V12 was found to depend on signal transduction through the IL-6 receptor (Fig. 4C) . To be sure these results were not due to overexpression of signaling mediators, we investigated endogenous STAT activity in HT1080 cells, a fibrosarcoma cell line that expresses constitutively active Ras (37) . These cells exhibited high levels of the STATresponsive luciferase gene in the absence of STAT3 or Ras overexpression, indicating the endogenous Ras mutation promotes STAT activation (Fig. 4C) . Moreover, neutralizing IL-6 receptor antibodies effectively attenuated this STAT activity in HT1080 cells suggesting the involvement of autocrine IL-6 (Fig. 4C) . Control antibodies had no effect (data not shown).
To confirm further the requirement of IL-6-mediated signal transduction for Rac1-induced activation of STAT3, a natural inhibitor of JAK activity was evaluated. A family of proteins has been identified that mediates the down-regulation of JAK͞ STAT signaling by binding to the tyrosine phosphorylated JAK proteins or the cytokine receptors. This family is known as suppressors of cytokine signaling (SOCS), and SOCS3 was identified to block IL-6 signal transduction specifically (25) . For this reason we tested the effect of SOCS3 expression on Rac1-induced transcriptional activation of STAT3. SOCS3 expression dramatically inhibited STAT3 activation in response to Rac V12 expression as well as to exogenous IL-6 treatment (Fig. 5A) . Similarly, SOCS3 expression inhibited Vav (⌬1-187)-induced STAT3 activation (data not shown). These data indicate that the JAK͞STAT3 pathway is activated by IL-6 in response to Rac V12 expression.
Induction of IL-6 gene expression is known to depend on the activity of the transcription factor, nuclear factor-B (NF-B) (38), and Rac1 is known to stimulate NF-B activation (39) . NF-B exists in a latent state in the cytoplasm complexed with an inhibitor protein IB. NF-B becomes activated and localizes to the nucleus after phosphorylation and subsequent dissociation of IB (40) . We measured NF-B-dependent luciferase reporter gene activity in response to Rac V12 expression in Rat1 cells. Rac V12 stimulated NF-B activity in a concentrationdependent manner (Fig. 5B) . Because the Rac V12L37 mutant was deficient in rendering STAT3 transcriptionally active (Fig.  3B) , we tested its ability to stimulate NF-B activity. Consistent with previous reports (41), Rac V12L37 was significantly impaired in its ability to elicit NF-B activation (Fig. 5B) . The defect in NF-B activation by Rac V12L37 correlates with its failure to stimulate STAT3 activation. If Rac1-induced NF-B activation leads to IL-6 gene induction and consequential autocrine stimulation of the JAK͞STAT3 pathway, inhibition of NF-B should block STAT3 activation in response to Rac V12 expression. IB␣ S32AS36A is a mutant form of the inhibitor protein that lacks specific phosphorylation target sites rendering it a constitutive inhibitor of NF-B activation (24) . IB␣ S32AS36A was expressed in cells with STAT3-GFP and Rac V12, to determine whether NF-B activation by Rac1 was required for Rac1-induced STAT3 activation and nuclear accumulation. IB␣ S32AS36A expression was found to inhibit the ability of Rac V12 to induce STAT3 activation and nuclear accumulation (Fig. 5C ), and to block NF-B-dependent gene induction by Rac V12 completely (data not shown).
These results provide evidence that Rac1 stimulates STAT3 activation indirectly through the induction of an autocrine IL-6 feedback loop that leads to the activation of the JAK͞STAT3 pathway. Our findings are particularly significant in cases where genetic mutations result in constitutive activity of small GTPases and aberrant growth. The persistent activity of Ras͞Rho GTPases may stimulate STAT3, a known modulator of cell growth, through the induction and autocrine signaling of IL-6 through its receptor.
Discussion
Activation of specific JAK͞STAT signal pathways can lead to a variety of biological responses. Recent studies have suggested that the abnormal regulation of STAT signaling may be involved in malignant transformation. Constitutive STAT3 activity has been reported in a growing number of cancers and has been identified as a potential oncogene (6, 8, 42) . In this study we investigated effects of a gain-of-function mutation in small GTPases that promote the activation of STAT3. We presented evidence demonstrating that constitutively active forms of Ras and Rac1 specifically stimulate STAT3-dependent gene expression. The results suggest a mechanism in which GTPases activate NF-B leading to transcriptional induction of the IL-6 gene. Consequently, IL-6 stimulates the JAK͞STAT3 signal pathway in an autocrine fashion via the IL-6 receptor (Fig. 6 ). Although components of this signaling pathway have been established previously in the context of ''outside-in'' signaling events, our report links ''inside-out'' signaling events resulting from oncogenic͞gain-of-function mutations.
Ras and Rac1 have been implicated recently in the resultant phosphorylation of STAT3 on Ser-727 by activation of either p38͞JNK or an upstream kinase, MKK4 (10, 11) . Our results demonstrate the ability of constitutively active forms of Ras or Rac1 alone to stimulate transcriptional activation by STAT3 independent of phosphorylation on Ser-727. Although a contribution of other serine or threonine residues in our studies cannot be excluded, our results are consistent with accumulating reports that suggest a role of serine phosphorylation in the transcriptional potential of STATs may be cell type, agonist, or target gene specific (43) (44) (45) (46) . Because Rac1 has been reported to mediate some of its specific effects through a direct physical association with effector molecules, we investigated whether Rac1 associated directly with STAT3 in our system (14) . A recent report proposed a direct physical association between Rac1 and STAT3 that led to STAT3 regulation; however, the mechanism or specificity of this proposed mode of activation was not described (13) . Our studies did not demonstrate any specific physical association in vivo by using coimmunoprecipitation techniques. STAT3 antibodies and the appropriate control antibodies generated indistinguishable levels of Rac1 associated with the immunocomplexes (data not shown). Hence, we have no evidence of a physical association between Rac1 and STAT3 in our system.
Mutations of Rac1 that alter their ability to stimulate downstream effectors were evaluated to discern a pathway of STAT3 activation. The Rac V12H40 mutant, although deficient in JNK activation, still led to STAT3-driven gene expression. Hence, the kinase activity of JNK seems not to be required for Rac1-mediated effects on STAT3. These results are consistent with another study that indicated that IL-6-mediated STAT3 activation occurred in the absence of activated JNK (11) . The Rac V12L37 mutant failed to mediate STAT3 activation. This deficiency may ref lect what we and others have shown, an impaired ability of Rac V12L37 to elicit NF-B-dependent gene induction (41) .
To determine whether gene induction by STAT3 was an indirect effect of NF-B activation, we tested the effect of an NF-B inhibitor, IB␣ S32AS36A. Inhibition of NF-B activity by IB␣ S32AS36A expression correlated with a lack of STAT3 nuclear accumulation in response to Rac1 activity. These observations lend support to the hypothesis that Rac1-induced STAT3 activation occurs through the NF-B-dependent induction of IL-6. The fact that neutralizing IL-6 receptor antibodies inhibited Rac1-induced STAT3 activation further demonstrates the requirement of an autocrine IL-6 activation loop for Rac1-mediated STAT3 activation.
In view of our results, we propose a model of STAT3 activation that may play a role during aberrant cell growth in which Fig. 6 . Proposed model for Rac1-mediated STAT3 activation. We show that constitutively active small GTPases such as Rac1 stimulate the JAK͞STAT3 pathway from an ''inside-out'' signaling pathway involving the induction of an autocrine IL-6 activation loop. The left side of the diagram is a simple illustration of an oncogenic mutation rendering constitutively active Ras or Rac1 (Ras*͞Rac1*) signaling to one of its known downstream targets, the NF-B transcription factor. NF-B activation leads to its translocation to the nucleus, DNA binding, and subsequent induction of NF-B-dependent genes such as IL-6. After IL-6 binds to its receptor, the JAKs are activated and in turn tyrosine phosphorylate STAT3 (-pY). Signal transduction by the JAK͞STAT pathway for STAT3 is depicted on the right side of the diagram. Phosphorylated STAT3 molecules form dimers and translocate to the nucleus to bind to promoter elements of responsive genes. Hence, gain-of-function mutations that render small GTPases constitutively active mediate STAT3 activation through the induction of an autocrine IL-6 activation loop.
oncogenic mutations can result in constitutive small GTPase activity (Fig. 6) . GTPases are normally regulated by the activity of GEFs and GTPase activating proteins, but mutations resulting in constitutive activity contribute to oncogenesis (15, 20, 47, 48) . Persistently active Rac1 results in signaling pathways that lead to NF-B activation and in turn IL-6 gene induction. An autocrine IL-6 activation loop is thereby initiated. Receptor-mediated IL-6 signal transduction results in the activation of JAKs and subsequent tyrosine phosphorylation and activation of STAT3. Tyrosine phosphorylated STAT3 forms dimers that translocate to the nucleus to bind DNA target sites in responsive genes. Because constitutive STAT3 activity has been shown to result in oncogenic transformation (6) , this autocrine loop may play a role in the transforming potential of Ras͞Rho GTPases.
